Levels of acetylcholine (ACh) sensitivity and numbers of a-bungarotoxin (a-Bgt)-binding sites have been measured for chick ciliary ganglion neurons grown in cell culture under various conditions. The two properties were found not to change in parallel. Neurons maintained in culture medium supplemented with embryonic eye extract developed high levels of ACh sensitivity and low numbers of ol-Bgt-binding sites, whereas neurons grown in medium containing elevated KC concentrations displayed the reverse. Neurons from media containing both eye extract and elevated K+ concentrations had both low levels of sensitivity and low numbers of toxin sites. The growth conditions do not alter the basic binding properties of the ACh receptors and a-Bgt-binding sites. Both the ACh receptor dose-response characteristics and the pharmacological properties of the toxin-binding sites were similar for neurons grown in media containing eye extract or elevated K+ concentrations. The inhibitory effects of eye extract on development of ol-Bgt-binding sites appeared to be specific: eye extract had previously been shown to stimulate neuronal growth and cholinergic development, and in the present study eye extract enhanced development of ACh sensitivity and had no effect on mechanisms responsible for binding and accumulation of tetanus toxin. Eye extract did not block ol-Bgt binding in competition binding experiments and did not cause redistribution of toxin sites away from the neuronal soma. These results demonstrate that ACh sensitivity and a-Bgt-binding sites can be independently regulated on the neurons and suggest that the two membrane properties are associated with separate membrane components.
Many populations of central and peripheral neurons that have nicotinic acetylcholine (ACh) receptors also possess high affinity binding sites for a-bungarotoxin (aBgt). Based on the distribution, kinetics, and pharmacology of binding, CY-Bgt has been advanced as a putative ligand for the neuronal ACh receptor (for reviews see Morley and Kemp, 1981; Oswald and Freeman, 1981) . Although it is well documented that CY-Bgt binds to ACh receptors in vertebrate skeletal muscle and electric tissue (for review see Fambrough, 1979) , the relationship of the toxin-binding site to the ACh receptor on neurons re- mains controversial. Although exceptions have been reported (Marshall, 1981; Syapin et al., 1982) , it has generally been found that cy-Bgt does not block ACh receptor function on neurons (Nurse and O'Lague, 1975; Duggan et al., 1976; Ko et al., 1976; Brown and Fumagalli, 1977; Bursztajn and Gershon, 1977; Patrick and Stallcup, 1977a; Carbonetto et al., 1978; Kouvelas et al., 1978; Ascher et al., 1979; Betz, 1981) . Moreover, immunological studies have indicated that antibodies that block ACh receptor function on the pheochromocytoma cell line PC12 do not recognize the membrane component responsible for binding ol-Bgt on the same cells (Patrick and Stallcup, 1977b) . The chick ciliary ganglion is a useful system for studying the regulation of neuronal ACh receptors and examining the relationship between the receptors and a-Bgtbinding sites. The neurons elaborate nicotinic ACh receptors which mediate the only known form of chemical synaptic transmission through the ganglion (Martin and Piiar, 1963a, b; Landmesser and Pilar, 1978) . The neurons also develop large numbers of high affinity ol-Bgt- Vol. 3, No. 11, Nov. 1983 binding sites, but concentrations of (Y-Bgt sufficient to saturate the sites have no detectable effect on the excitatory, nicotinic ACh response of the neurons (Ravdin and Berg, 1979; Chiappinelli et al., 1981; Ravdin et al., 1981; Margiotta and Berg, 1982) . Furthermore, recent ultrastructural studies using horseradish peroxidase-conjugated o(-Bgt demonstrate that, although toxin-binding sites are localized on the ganglionic neuron membrane primarily in regions contacted by preganglionic terminals, the sites appear to be excluded from the immediate postsynaptic membrane (Jacob and Berg, 1983) . These results suggest that the toxin-binding sites on ciliary ganglion neurons are different from synaptic ACh receptors on the cells. Accordingly, it seemed possible that the toxin-binding sites and ACh receptors could be subject to different regulatory controls.
To investigate this possibility we examined the development of ACh receptors and ol-Bgt-binding sites on ciliary ganglion neurons maintained in cell culture under growth conditions previously shown to support complete survival but to alter cytoplasmic growth and development of the neurons (Nishi and Berg, 1981a, b) . The results indicate that the two membrane properties, ACh sensitivity and cy-Bgt binding, can be independently regulated in culture. A preliminary account of this work has appeared (Smith et al., 1982) .
Materials and Methods
Cell cultures. Ciliary ganglia from B-day chick embryos were dissociated and grown in cell culture on a substratum of collagen and lysed fibroblasts as previously described (Nishi and Berg, 1981a) . Cultures contained 1 to 2 x lo4 neurons either in 35mm dishes for electrophysiological and autoradiographic studies, or in 16-mm wells for toxin-binding experiments. Culture medium consisted of Eagle's minimal essential medium (MEM) containing 10% (v/v) heat-inactivated horse serum, 50 units/ml of penicillin, and 50 pg/ml of streptomycin. Media supplements included either embryonic chick eye extract (3% v/v; "eye medium"), KC1 (25 mM final concentrations; "K+ medium"), or both ("K+/eye medium") as previously described (Nishi and Berg, 1981a) . The culture medium was replaced with fresh medium at 2-to 3-day intervals.
Electrophysiology. Neuronal ACh sensitivities were determined using intracellular recording techniques to measure the change in membrane conductance caused by a brief pulse of ACh pressure ejected from a nearby micropipette (Choi and Fischbach, 1981) . Recordings were obtained from neurons maintained at 37°C on the stage of an inverted microscope (O'Lague et al., 1978; Margiotta and Berg, 1982) . Cells were continuously perfused with MEM modified to contain 5.4 mM Ca'+, 5.4 mM K+, and 2 mM HEPES buffer to replace the bicarbonate buffer, and supplemented with 10% (v/v) horse serum. Micropipettes used for applying ACh to the neurons had tip diameters of 5 to 10 pm and were filled with known concentrations of ACh (1 FM to 50 mM) in a balanced salt solution (Dichter and Fischbach, 1977) . Brief pulses of air pressure (2 to 8 psi for 1 to 3 set) were used to eject ACh from the micropipette after positioning it about 15 to 30 pm from the neuron soma. Experiments with K+-and dye-filled micropipettes indicated that the procedure completely immerses the soma in the ejected solution (Choi and Fischbach, 1981; J. F. Margiotta, unpublished observations) . ACh sensitivities determined with this approach probably reflect a "summed" response from most of the soma ACh receptors. Input conductantes were measured using a single intracellular electrode in conjunction with an amplifier and a Wheatstone bridge circuit (W. P. Instruments, M701): constant inward current pulses of 0.05 to 0.20 nA amplitude and 50 msec duration were passed through the neuron, and the resulting membrane hyperpolarizations were recorded before and during ACh exposure. The ACh-induced conductance was calculated as the difference between the maximum input conductance measured in the presence of ACh and the resting input conductance prior to the application of ACh. In some cases neurons were penetrated with two microelectrodes, one for passing current and a second for recording membrane voltage changes. ACh-induced conductances measured in this way were in close agreement with those obtained in single electrode experiments.
Using conductance changes instead of potential changes to assess ACh sensitivities takes into account differences in resting input conductance among neurons and also renders the results independent of the reversal potential. In some cases, however, the application of ACh caused a large depolarization, necessitating small corrections for contributions from voltage-dependent ionic conductances. Such corrections were minimized by using subsaturating concentrations of ACh (0.1 mM) for the standard test condition and routinely adjusting the starting resting potential to about -80 mV. With these conditions most neurons did not depolarize more than 30 mV, i.e., to a membrane potential of about -50 mV, during ACh application. The current-voltage relationship for neurons grown in eye medium was linear when applied currents produced deporalization of up to 29.0 + 3.0 mV (mean f SE, n = 5 neurons). Beyond this level of depolarization, the slope conductance of the neurons increased, and appropriate corrections were applied. Under standard test conditions none of the measurements obtained with neurons from K+ medium required correction, whereas about half of those for neurons from eye medium did so. Data were accepted only in those cases where the neuron was capable of firing overshooting action potentials in response to intracellular stimulation, where resting potentials were more negative than -50 mV (without adjustment) before and after the test pulse of ACh, and where the recording electrode was out of balance by no more than 3 mV when withdrawn from the neuron at the end of the experiment and corrections for the imbalance could be made.
a-Bgt binding studies. a-Bgt was purified from the venom of Bungarus multicinctus as previously described (Ravdin and Berg, 1979) .
[Y]Di-iodo-a-Bgt was prepared and isolated with initial specific activities of 250 to 300 Ci/mmol according to the method of Vogel et al. (1972) . Binding studies were carried out by first rinsing the cultures twice with MEM containing 10% (v/v) horse serum and 5% (v/v) embryo extract (binding medium), and then incubating the cultures in the binding medium containing 20 nM [""I]di-iodo-a-Bgt for 1 hr at 37°C. These conditions were previously shown to saturate (YBgt-binding sites on the neurons (Ravdin et al., 1981) . The cultures were rinsed four times over a 20-min period with l-ml aliquots of 11 mM sodium phosphate buffer (pH 7.3) containing 123 mM NaCl, 5.4 mM KCl, 0.9 mM CaC12, 0.4 mM MgSO* (rinse solution), with 2 mg/ml of bovine serum albumin and then were scraped in 0.5 ml of 0.6 N NaOH and counted for radioactivity in a Nuclear Chicago gamma counter. Nonspecific binding was determined by incubating the cultures in 2 pM unlabeled aBgt for 30 min before and during the incubation with labeled a-Bgt. Nonspecific binding was typically less than 5% of the total binding observed and was subtracted accordingly. Competition binding studies with d-tubocurarine (d-TC), carbamylcholine, and eye extract were carried out in a similar manner except that the competing ligand or agent was used in place of unlabeled a-Bgt, and [1251]di-iodo-a-Bgt was present at 10 nM instead of 20 nM.
Autoradiography. Light microscopic autoradiography was carried out by labeling neuronal cultures with [12'1] di-iodo-cy-Bgt and washing them as described above. The cultures were fixed with rinse solution containing 1% glutaraldehyde and 2% paraformaldehyde for 1 hr at 20°C. After rinsing thoroughly with distilled water, the cultures were air dried, coated with Kodak NTB-2 emulsion diluted 1:l with distilled water, exposed for 5 to 10 days at 4"C, and developed with Kodak D-19 developer for 2.5 min at 18°C.
Tetanus toxin. Tetanus toxin (TTox) was iodinated by the chloramine T method (Greenwood et al., 1963) to produce [1251] TT~x with an initial specific activity of 2.5 &i/pug. Binding studies were carried out as described above except that [1251]TT~x was used instead of labeled a-Bgt. Binding of [1251]TTo~ (0.5 pg/ml) to blank cultures, i.e., culture wells of lysed fibroblasts carried through the standard feeding regimen, was less than 5% of the total binding to neuronal cultures.
Materials. Culture media components were obtained from Grand Island Biological Co., and tissue extracts and culture media were prepared as previously described (Nishi and Berg, 1981a) . Bungarus multicinctus venom was purchased from Miami Serpentarium, tetanus toxin (TTox) was a generous gift from Dr. R. Thompson of the Wellcome Foundation, Na1251 was purchased from Amersham, Kodak NTB-2 emulsion was from Eastman Kodak, and d-tubocurarine (d-TC), carbamylcholine, bovine serum albumin, glutaraldehyde, and paraformaldehyde were from Sigma Chemical Co.
Results
ACh sensitiuity. Brief application of ACh typically produced a delayed, maintained depolarization in ciliary ganglion neurons that decayed to resting levels 2 to 20 set after termination of the ACh pulse. The ACh-induced depolarization was accompanied by an increase in membrane conductance and voltage noise. Neurons grown for 7 days in eye medium were quite sensitive to ACh when examined in this manner (Fig. IA) whereas neurons grown either in K+/eye or K+ medium and subsequently examined in standard test medium were much less sensitive (Fig. 1, B and C) . Relative levels of ACh sensitivity were compared for the neurons by calculating the conductance increase caused in each case by a pulse of 0.1 mM ACh. Neurons grown for 7 days in eye medium were nearly 4 times as sensitive to ACh as were neurons grown in K+/eye medium, and 13 times as sensitive as neurons grown in K' medium ( Fig. 2A) .
As previously reported , ciliary ganglion neurons form functional cholinergic synapses with one another in cell culture. The highest levels of spontaneous synaptic activity were associated with neurons grown in eye medium. Thus, over 70% of 229 neurons examined from eye medium cultures displayed spontaneous synaptic potentials whereas only 3% of 32 neurons from K+/eye cultures and 4% of 137 neurons from K+ cultures did so. a-Bgt binding. A different pattern emerged when the numbers of a-Bgt-binding sites were compared for neurons from 7-day cultures. The highest values of toxin binding were obtained with neurons grown in K+ medium, and the lowest values were obtained with neurons grown in eye and K+/eye media (Fig. 2B) .
Deuelopment. Differences were observed in the relative levels of ACh sensitivity and cu-Bgt binding on the neu- rons throughout a l-week test period. ol-Bgt-binding sites steadily increased in number with time in culture and, with the exception of neurons at 1 day, more sites were present on neurons grown in K' medium than in eye medium (Fig. 3A) . In contrast, ACh sensitivities increased sharply over the first 3 days for neurons from eye medium and then remained constant for an additional 4 days; sensitivities for neurons from K+ medium were low at all times tested (Fig. 3B) . Binding characteristics. The failure of ACh sensitivity and (Y-Bgt binding to change in parallel during development cannot be explained by alterations in the affinity of the membrane components for their respective ligands. Varying the concentration of ACh in the test pulse produced dose-response curves that were similar for neurons grown in eye and K' media (Fig. 4) . The curves have sigmoid shapes, reach maxima between 1 and 10 mM ACh, and indicate half-saturation at 0.1 to 0.5 mM ACh. Large differences in sensitivities were also obtained when carbamylcholine (0.5 mM) was used as the agonist instead of ACh: neurons from eye medium displayed carbamylcholine conductance changes of 27.6 + 8.1 nS (mean + SE; n = B), and neurons from K+ medium showed changes of 2.7 + 0.5 nS (n = 8).
The properties of a-Bgt-binding sites on neurons grown in eye medium and K+ medium also appeared to be similar, The toxin binding reflected the number of specific toxin sites since higher concentrations of [125I] di-iodo-a-Bgt did not reveal additional binding (data not shown). d-TC and carbamylcholine, two inhibitors of toxin binding, blocked binding to the same extent on neurons from eye medium and from K+ medium (Fig. 5) .
I 3 5 7
Culture Age (days) Distribution of a-Bgt sites. The fact that levels of ACh sensitivity and a-Bgt sites can vary independently on the neurons suggests that the toxin sites are not associated with the receptors responsible for ACh sensitivity. Alternatively, the results might be accounted for by maintaining that the toxin sites do represent ACh receptors but that the presence of eye extract in the culture medium promotes a radical redistribution of the sites/ receptors away from the cell soma. Since the sensitivity measurements reflect primarily soma receptors, a redistribution of the sites away from soma would score as reduced sensitivity without appearing as a reduction in the total number of sites per neuron. To test this possibility the distribution of [1251]di-iodo-a-Bgt bound on the neurons was examined by light microscopic autoradiography. No evidence was found for a change in relative distribution. Substantially more labeling was associated with the somas of neurons grown in K+ medium than with the somas of neurons grown in eye medium (Fig. 6) , consistent with the values reported for the total sites per neuron in the two cases.
Effect of eye extract. Eye extract is known to promote growth and development of ciliary ganglion neurons in culture (Nishi and Berg, 1981a) . Accordingly, it was surprising to find that eye extract retards the development of a-Bgt-binding sites. We considered the possibil- No evidence for such a component was obtained. Neurons exposed to 0.3, 1.0, 3.0, and 10% eye extract for 1 hr bound 105 + 4%, 112 + 3%, 103 f 3%, and 100 f 4% (mean f SE, n = 3 cultures in each case) as much labeled toxin, respectively, as did neurons not exposed to eye extract. Similar results were obtained in a second experiment.
Chronic blockade of the cy-Bgt site did not protect it against regulation by the eye extract. Neurons grown for 7 days in K+ medium containing 0.1 mM d-TC bound an equivalent amount of [1251]a-Bgt to neurons grown in K' medium lacking the drug. The levels of binding observed for neurons grown in K+/eye medium with or without 0.1 mM d-TC were each decreased about 35% compared to K+ medium cultures (Table I) .
Tetanus toxin. It was of interest to determine whether eye extract influences other neuronal membrane components in a manner similar to that for cu-Bgt-binding sites. Tetanus toxin (TTox) is known to bind to neuronal gangliosides (for review see Mellanby and Green, 1981) and has been used as a cell surface marker for neurons in cell culture (Dimpfel et al., 1975; Mirsky et al., 1978) . To compare the numbers of TTox-binding sites on neurons grown in eye and K+ medium, the cultures were incubated with [1251]TTo~ and the amount of neuron- associated binding was determined. No difference in the level of TTox accumulation was found for the two neuronal populations over a loo-fold concentration range of labeled TTox (Fig. 7) . Over the concentration range used, accumulation of labeled TTox was not saturable. Much of the [1251]TTo~ accumulation was specific, however, since cultures incubated with 100 pg/ml of unlabeled TTox for 30 min before and during the 1-hr exposure to 0.5 pg/ml of ['251]TTo~ accumulated only 34 + 2.5% (mean + SE, n = 6 cultures) as much radioactivity as cultures lacking the unlabeled TTox.
Discussion
The major finding reported here is that neuronal levels of ACh sensitivity do not correlate with a-Bgt-binding sites. One set of growth conditions for the neurons led to development of high levels of ACh sensitivity and low levels of toxin binding, another set of growth conditions produced the reverse, and a third set resulted in low levels of both. The simplest explanation is that the CY- Bgt-binding sites do not represent ACh receptors responsible for the observed sensitivity, and the toxin-binding components and ACh receptors are subject to different forms of regulation. Such an explanation is consistent with recent results showing that the toxin sites appear to be present in extrasynaptic regions on the neurons but are absent from synaptic membrane (Jacob and Berg, 1983) , in contrast to the expected distribution for synaptic ACh receptors.
Several trivial explanations for the lack of correlation between ACh sensitivity and cy-Bgt binding have been ruled out. These include demonstrating that the differences do not arise from changes in the binding properties of the toxin sites or from changes in the distribution of toxin sites in the neuronal membrane.
Nor can the results be accounted for by changes in the affinity of the ACh receptor for its ligand or changes in the rate of ligand hydrolysis in the cultures, since ACh and carbamylcholine produced the same effects. Differences in receptor desensitization seem unlikely to account for the different levels of sensitivity since (a) the ACh doseresponse curves were similar for neurons from eye and K+ media, (b) the ACh-induced conductances were sustained over time, and (c) the incidence of spontaneous synaptic activity was much higher for neurons from eye medium than from K' medium, as expected if the former had greater numbers of ACh receptors.
The fact that ACh receptor number could not be measured directly for the neurons, however, leaves open the possibility that changes in levels of ACh sensitivity may reflect changes in receptor function rather than receptor number. Nicotinic ACh receptors in vertebrate skeletal muscle are known to undergo changes in mean channel open time during development in uiuo (Sakmann and Brenner, 1978; Fischbach and Schuetze, 1980; Kullberg et al., 1981) . Changes have also been reported in the single channel properties of muscle ACh receptors in culture (Brehm et al., 1982) . There is no precedent, however, for changes in channel properties as large as the 13-fold difference reported here for levels of sensitivity associated with neurons grown in eye versus K+ medium. Even if chronic exposure to elevated K+ concentrations did change ACh receptor function, this alone could not account for the pattern of nonparallel changes observed in levels of ACh sensitivity and c~Bgt binding.
An alternative explanation for the effects of K' on development of neuronal ACh sensitivity comes from studies on muscle. Electrical activity is known to reduce the number of ACh receptors in muscle by decreasing the rate of receptor synthesis and accumulation (Lomo and Rosenthal, 1972; L@mo and Westgaard, 1976; Shainberg and Burstein, 1976; Reinness and Hall, 1977) . The elevated K' concentration used in the present study does depolarize the neurons (Nishi and Berg, 1981b ) and may in some respects mimic the effects of chronic electrical ACh receptor number are unknown, however, and the relationship between ACh receptor accumulation and extracellular K+ concentration for muscle cells is complex (Shieh et al., 1983) . Bader et al. (1982) report no differences in ACh sensitivities for ciliary ganglion neurons grown in a range of K+ concentrations, but differences in the culture conditions and assay techniques used prevent a quantitative comparison with the present results.
The finding that eye extract retards development of a-Bgt-binding sites on ciliary ganglion neurons contrasts with its effects on other neuronal properties. Previous studies have shown that eye extracts contain components that promote neuronal survival in cell culture (Adler et al., 1979) and components that enhance growth and cholinergic development of the neurons (Nishi and Berg, 1981a) . The nearly 2-fold reduction in number of ar-Bgt sites per neuron caused by eye extract would be even greater if expressed in terms of site densities (i.e., sites/ pm2) since neurons grown in K+/eye medium are larger than neurons grown in K+ medium (Nishi and Berg, 1981b) . With respect to other membrane components, in the present study eye extract was found to enhance development of neuronal ACh sensitivity since levels of sensitivity were significantly higher for neurons grown in K+/eye medium than for those grown in K+ medium. The extract was found to have no effect on development of neuronal mechanisms for accumulating TTox, but accumulation was not saturable over the concentration ranges tested. Lack of TTox saturation has also been reported for cultures of rat cerebral cells where TTox accumulation is thought to include a component representing uptake by the cells (Yavin et al., 1981) . It is possible that changes in TTox-binding capacity in the present studies went undetected because of the lack of saturability, but no effect was seen on the overall rate of TTox accumulation by the neurons.
Competition binding studies indicate that the decreased a-Bgt binding associated with neurons grown in medium with eye extract cannot be attributed to a component in the extract that directly blocks a-Bgt binding. Exposure to cholinergic agonists has been shown to cause down regulation of cY-Bgt-binding sites on ciliary ganglion neurons in culture (Messing, 1982) . Occupation of a-Bgt-binding sites by chronic incubation with 0.1 mM d-tubocurarine, however, does not protect against the eye extract effect.
The function of the a-Bgt-binding site on ciliary ganglion neurons remains unknown. Although it is unlikely to represent the synaptic ACh receptor on the neurons, the component may have some other synaptic function or may even represent an ACh receptor different from the one responsible for the nicotinic, excitatory postsynaptic potential in the ganglion. Conceivably, the component represents an inactive precursor or a degradation product of the synaptic receptor, but in this case several assumptions would be necessary to reconcile all the data. Methods for quantitating and following the fate of neuronal ACh receptors are likely to be necessary to resolve these questions.
